Injection of amniotic fluid stem cells ameliorates the acute phase of acute tubular necrosis in animals by promoting proliferation of injured tubular cells and decreasing apoptosis, but whether these stem cells could be of benefit in CKD is unknown. Here, we used a mouse model of Alport syndrome, Col4a5 2/2 mice, to determine whether amniotic fluid stem cells could modify the course of progressive renal fibrosis. Intracardiac administration of amniotic fluid stem cells before the onset of proteinuria delayed interstitial fibrosis and progression of glomerular sclerosis, prolonged animal survival, and ameliorated the decline in kidney function. Treated animals exhibited decreased recruitment and activation of M1-type macrophages and a higher proportion of M2-type macrophages, which promote tissue remodeling. Amniotic fluid stem cells did not differentiate into podocyte-like cells and did not stimulate production of the collagen IVa5 needed for normal formation and function of the glomerular basement membrane. Instead, the mechanism of renal protection was probably the paracrine/endocrine modulation of both profibrotic cytokine expression and recruitment of macrophages to the interstitial space. Furthermore, injected mice retained a normal number of podocytes and had better integrity of the glomerular basement membrane compared with untreated Col4a5 2/2 mice. Inhibition of the renin-angiotensin system by amniotic fluid stem cells may contribute to these beneficial effects. In conclusion, treatment with amniotic fluid stem cells may be beneficial in kidney diseases characterized by progressive renal fibrosis.
Stem cells, which are derived from several sources, have been proposed as possible therapeutic agents for many different diseases. In recent years, investigators have focused their efforts on using stem cells, mainly mesenchymal stem cells derived from bone marrow (MSC), to treat both acute kidney disease and CKD. MSC injected into an acutely damaged kidney are able to restore renal functional and structural measures to normal. [1] [2] [3] One possible mechanism of action involves an autocrine-or paracrine-mediated release of different cytokines into the local microenvironment, which then promotes repair by endogenous cells. 2 Although more extensive work has been performed in acute models of kidney injury, the application of stem cells to treat CKD is still a relatively new area of investigation.
Alport syndrome is a genetic form of CKD in which chronic fibrosis and inflammation eventually lead to complete kidney failure. 4, 5 Some groups have already investigated stem cells for the treatment of CKD in animal models of the syndrome. Prodromidi et al. 6 and Sugimoto et al. 7 showed reduced glomerular scarring and interstitial fibrosis with improved renal function after injection of MSC. Le Bleu et al. 8 demonstrated that stem cell therapies ameliorate murine Alport syndrome, regardless of stem cell type and modality of injection. Nevertheless, the mechanisms of renal protection induced by stem cells in animal models of CKD are still not completely understood.
We investigated the possibility of using amniotic fluid stem cells (AFSCs) as a treatment for Alport syndrome. AFSCs are pluripotent cells 9, 10 derived from amniotic fluid through c-kit-positive selection. 11, 12 Our group has previously shown that injection of AFSCs ameliorates the acute phase in animals with acute tubular necrosis, promoting proliferation of damaged tubular cells and decreasing apoptosis in a setting of substantial immunomodulatory effects. 13 In this investigation we demonstrate that a single injection of AFSCs into mice with Alport syndrome (B6.Cg-Col4a5 tm1Yseg /J) during the very early phase of disease can ameliorate physiologic and morphologic renal damage by reducing interstitial fibrosis and recruitment and activation of macrophages within the interstitial space. We show that the expression of genes promoting fibrosis and stimulating new extracellular matrix is decreased after stem cell injection. In addition, we show that injection of AFSCs helps to preserve glomerular podocyte number. In vitro experiments suggested that AFSCs may protect podocytes by downregulation of the angiotensin II signaling pathway, probably favoring their survival. Even though a single injection of AFSCs does not completely reverse renal injury due to Alport syndrome in treated mice, our findings suggest a possible mechanism whereby AFSCs lead to substantial reductions in disease progression, which may ultimately suggest changes in therapy and lead to prolonged survival in treated animals.
RESULTS

AFSC Characterization
A clonal population of AFSCs between passages 15 and 20 was used in all experiments. These cells presented a fibroblastic shape ( Figure 1A ) and differentiated into adipocyte-like cells staining positive for oil-red-O ( Figure 1C ), into osteoblast-like cells expressing alkaline phosphatase ( Figure 1E ), and into skeletal muscle-like cells expressing tropomyosin ( Figure 1G ). AFSCs are positive for OCT-4, alkaline phosphatase, and Thy-1 as determined by FACS analysis (Figure 1 , H-J), thus indicating that our clonal population has a broad differentiation potential.
Animal Model: Effects of AFSCs on Lifespan, Serum Creatinine Levels, Proteinuria, and BUN Col4a5 2/2 mice develop abnormal glomerular morphology, with increased interstitial fibrosis when compared with
C57BL/6 WT (Figure 2, A and B). Injection of AFSC into Col4a5
2/2 mice at 1.5 months of age increased their mean survival by 20% ( Figure 2C ) and significantly reduced serum creatinine levels ( Figure 2D ), proteinuria ( Figure 2E ), and BUN levels ( Figure 2F ) compared with their nontreated siblings.
In Vivo Tracking of AFSCs Qdot-labeled AFSCs were detectable within the kidney both in the interstitial space and in glomeruli ( Figure 3E ), as shown in a representative picture at 5 days ( Figure 2G) . By FACS at different time points (24 hours, 5 days, 1 month, and 2.5 months after injection), AFSCs are present in greater numbers in the kidney. No cells were detectable in the heart or liver at later time points (Figure 2 , H-K).
Effects of AFSCs on Renal Morphology
Col4a5
2/2 mice injected with AFSCs did not exhibit a statistically significant change in the fraction of glomeruli with moderate or severe fibrosis after 1 month of injection when compared with mice that were not injected ( Figure 3A ). In contrast, littermate Col4a5
2/2 untreated mice demonstrated a progressive increase in the number of severely sclerotic glomeruli when compared with their injected siblings ( Figure  3B ). These results indicated that in treated mice, the progression of glomerular sclerosis is less aggressive.
In wild-type mice, COL4a1 is expressed in the Bowman capsule and in the basement membrane of tubules, whereas it is absent from the glomerular basement membrane (GBM) ( Figure  3C ). At 2.5 months after treatment, noninjected Col4a5 2/2 mice have a strong accumulation of COL4a1 in the GBM, as well as in the Bowman capsule ( Figure 3D ). In contrast, Col4a5 2/2 mice that received AFSC treatment demonstrated a more nearly normal expression of COL4a1 in both the GBM and Bowman capsule ( Figure 3E ). AFSCs were present in small numbers in the glomeruli of treated mice at 2.5 months after injection ( Figure 3E, arrow) .
To determine the deposition of new extracellular matrix as a sign of fibrosis, we compared the presence of collagen I (Figure 3 , F-H) and myofibroblasts ( Figure 3 , I-K) within the kidneys of the experimental groups. Treated mice showed a statistically significant reduction in collagen I staining after 2.5 months ( Figure  3L ) and less presence of myofibroblasts within the renal interstitial space ( Figure 3M ). We also evaluated the change in expression of important regulators of the TGFb/bone morphogenetic protein (BMP) and epithelial-mesenchymal transition pathways. The injected mice showed a significant downregulation of important transcription factors of the TGFb pathway as well as lower abundance of proteins involved in matrix deposition, as shown by protein array and WB (Supplemental Figures 1  and 2 ). These findings further support the antifibrotic role of AFSCs observed in the renal interstitial space.
Effects of AFSCs on Macrophage Recruitment and Phenotype Activation Col4a5
2/2 mice that received AFSC injections had fewer macrophages in the interstitial space at 2.5 months after treatment compared with their nontreated siblings ( Figure 4 , B and C). Expression analysis of M1 and M2 macrophage activation phase genes evaluated 5 days after AFSC treatment revealed a lower expression for TNFa, CCL2, and CXCL2 (M1 markers) and an elevated expression for IL1-RII (M2 marker) in treated mice. Moreover, macrophage colony-stimulating factor (M-CSF), a chemoattractant for macrophages, was downregulated in the injected kidneys ( Figure 4D ). At 1 month after injection, CXCL2 and IL1-RI were upregulated in nontreated mice and IL-1RII was still upregulated in treated mice ( Figure 4E ). The presence of M2 macrophages, recognized to promote tissue remodeling versus progression of fibrosis, was increased in the interstitial space of treated mice, as demonstrated by CD150 immunofluorescence staining ( Figure 4H ). The number of M1 macrophages is decreased in injected mice, as shown by double staining for macrophage/L1 protein and CD80 (Supplemental Figure 3) . To confirm that AFSCs might influence the recruitment and activation of macrophages, we performed an in vitro co-culture assay of AFSCs with macrophages activated with lipopolysaccharide. As seen in Figure 4I , a protein array of the co-culture supernatant demonstrated that cytokines such as IL-6, CCL5, RANTES, and TNFa, which are increased in CKD and induce macrophage recruitment, are decreased in the presence of AFSCs. Furthermore, markers such as CD80, CD86, and IL1-RI (specific of M1-type macrophages) are decreased ( Figure 4J ). Taken together, these data indicate decreased signaling for recruitment of macrophages to the kidney and a phenotype switch of macrophages toward a more regenerative M2 activated state when in the presence of AFSCs.
Effects of AFSCs on Glomerular Cells and GBM
To test whether the beneficial outcome from AFSC injection may be attributed to preservation of podocyte number, we counted WT-1-positive cells within the glomeruli of nontreated mice with Alport syndrome ( Figure 5B ) and treated mice ( Figure 5C ). Our analysis demonstrated a significant difference (P, 0.05) between treated and nontreated Col4a5 2/2 mice at 2.5 months after injection; the number of WT-1-positive cells was similar between wild-type and treated mice, whereas the nontreated Col4a5 2/2 animals demonstrated a significant decrease in their number of WT-1-positive cells relative to the other two groups ( Figure 5D ). Because the count of podocytes seemed to be preserved in injected mice, we further sought to determine whether this observation may include differentiation of AFSCs into podocyte-like cells. Double staining for WT-1 and dye tracking revealed no podocyte differentiation of AFSCs at 2.5 months after injection ( Figure 5E ), whereas double staining with vascular endothelial growth (VEGF) factor demonstrated that AFSCs can integrate into the glomeruli and possibly differentiate into VEGF-expressing cells, probably endothelial-like cells ( Figure 5G ). Consistent with a lack of differentiation of AFSCs into podocytes, we did not observe any new production of COL4a5 (Supplemental Figures 4E, 5Q , and 6E).
The expression of mRNA levels for all the a chains demonstrated that in our animal model, injected and noninjected mice presented expression of Col4a1 and Col4a2, Col4a3, and Col4a4 that increases over time, whereas Col4a6 and mice injected with AFSCs (n=15), noninjected Col4a5 2/2 mice (n=15), and wild-type (WT) controls show significantly lower serum creatinine levels at 2.5 months after AFSC injection in treated mice compared with their nontreated controls (D). Furthermore, significant amelioration in proteinuria (E) and BUN (F) was also detected in mice at 2.5 months after injection. Injected cells were traceable after 5 days and could be detected by fluorescence (red, Qdot label) within the interstitial space and the glomeruli (G, 320). Presence of these cells in kidney, lung, liver and heart, as detected by FACS, was demonstrated at 24 hours, 5 days, 1 month, and 2.5 months after injection (H-K). At 24 hours AFSC were present in all four organs, with the majority being localized in the kidney, accounting for an average of 0.1% of the cells (H). At the later time points, no cells were present in the liver (J) and heart (K). After 2.5 months, 0.01% AFSCs were detected in the kidney as well as in the lung. All values are presented as mean 6 SEM (*P,0.05).
Col4a5 are strongly downregulated when compared with the wild type (Supplemental Figure 4) . These data were also confirmed by histology at 2.5 months after injection (Supplemental Figure 5 ), where it is notable that the expression of Col4a3 and Col4a4 is minimal and irregular. Nevertheless, if protein levels for Col4a2 are normalized against b-actin expression, injected mice show lower protein levels at 2.5 months, as shown in Supplemental Figure 5C . This finding suggests a possible difference in regulation of a chain expression in the GBM of treated mice. We further investigated whether the GBM of injected mice was protected from splitting, which is typical of GBM in Alport syndrome. Figure 5 , H-G, shows that, under light microscopy, the GBM in injected mice seems to be less damaged; this preservation was also confirmed by transmission electron microscopy ( Figure 5 , K-M).
To test whether the preservation of glomerular cells by AFSC was correlated with modulation of specific molecular pathways, we performed an in vitro co-culture experiment with glomerular cells stimulated by angiotensin II and AFSCs. Our characterization of the cells obtained by plating isolated mouse glomeruli suggests that the majority of "early outgrowth" cells were podocytes (WT-1-positive), 14 with a smaller number representing mesangial cells (a-SMA-positive); no endothelial cells appeared to be present (Supplemental Figure 7 ). ANGTR1 (angiotensin II receptor) was upregulated in the presence of angiotensin II and was significantly downregulated in the presence of losartan, an angiotensin II receptor antagonist as shown by real-time PCR. When AFSCs were added to the co-culture, the expression of ANGTR1 was similar to that with losartan, suggesting that AFSCs also decrease the expression of ANGTR1, antagonizing angiotensin II signaling and thus favoring podocyte survival ( Figure 5N ).
DISCUSSION
Alport syndrome is a genetic form of kidney disease in which a mutation in any of the genes coding for the three chains of type IV collagen (a3,a4,a5) results in a dysfunctional GBM, leading to deterioration of glomerular structure and function. 4, 15 Previously reported results obtained with injection of MSC, as well as with whole bone marrow transplantation have shown some degree of protection against progression of Alport syndrome. It has, however, been difficult to compare these studies because of diverse backgrounds in the mice investigated and experimental designs. Thus, the mechanism of renal protection by stem cells in this form of CKD is still unclear. 7, 8, 16, 17 The Alport syndrome mouse strain used in our experiments carries the mutation of colIVa5, the most common form of Alport syndrome in humans. This model was derived from C57BL/6 background, and no backcrossing between colonies was performed. 18 In an effort to further optimize our results, we used a clonal population of AFSCs derived from C57BL/6 mice, and recipient mice were not irradiated because Katayama et al. 19 demonstrated that irradiation itself is renoprotective in Alport mice. 19 Timing of injection was in the "early phase" of disease, when structure and function of the kidney would be least compromised and possibly most amenable to repair. Our working hypothesis, therefore, was that a single early injection of AFSCs would be beneficial in prolonging the lifespan of Alport syndrome mice. Treated mice did survive 20% longer on average compared with their untreated siblings ( Figure 6 ). Prolonged survival corresponded to a general amelioration in renal morphology, manifested in preservation of glomerular and interstitial structures with a decreased number of myofibroblasts, the cell type mainly responsible for deposition of new extracellular matrix. 19, 20 In addition, serum creatinine, proteinuria, and BUN were significantly improved relative to values in noninjected siblings.
AFSCs possess pluripotential activity 9,13 both in vitro and in vivo. We have previously demonstrated that these cells are renoprotective when injected directly into the kidney in a mouse model of acute kidney injury. AFSCs have the ability to secrete cytokines that can modulate the local immune/inflammatory response and support recovery of damaged tubular epithelial cells. 13 As demonstrated in our previous work, integration of the injected cells and their differentiation into tubular epithelial cells was minimal. This was also confirmed in our current study of Alport syndrome, where AFSCs were detected 24 hours and 5 days after the injection and diminished over time, representing 0.01% of the kidney cells at 2.5 months after injection.
Contrary to findings reported by Kalluri and colleagues, 7,8 we did not observe injected cells differentiating into podocytelike cells expressing new collagen IV, in particular of COL4a5, at later time points. This is consistent with recent studies in both acute kidney disease 1, 21 and CKD models other than Alport syndrome, 22 and in Alport mice treated with MSC. 23 Nevertheless, the injected cells present within the glomeruli seem to express VEGF, probably indicating their ability to commit to endothelial-like cells. VEGF is an important signaling pathway during kidney disease progression because its expression is correlated with podocyte preservation; thus, we speculate that integrated cells may aid in recovery through VEGF modulation. [24] [25] [26] Along with a lack of evidence of renoprotection by AFSCs in Alport syndrome mice by replacement of endogenous renal cells, our findings suggest three different mechanisms by which AFSCs may slow the progression of CKD: inhibition of fibrosis, modulation of secondary immune/inflammatory responses in the kidney, and preservation of podocytes, probably all through paracrine/endocrine mechanisms.
The dramatic changes in gene expression involved in the deposition of extracellular matrix and development of fibrosis (Supplemental Figure 1) at 5 days after injection confirms that AFSCs probably modulate the microenvironment in the damaged kidney, possibly through activation of SMAD1/5 signaling by alternative molecules of the TGFb/BMP family, such as GDFs or AMH, rather than the BMPs. 27, 28 Zeisberg et al. 29 demonstrated that in Alport syndrome, inhibition of MMP-2 and MMP-9 (critical matrix metalloproteinases in remodeling of extracellular matrix 30 ) before the onset of proteinuria induced a preservation of GBM/extracellular matrix integrity, which in turn led to substantial disease protection.
Similarly, our findings demonstrate that with injection of AFSCs before the onset of proteinuria, levels of these two MMPs were significantly decreased within the first days after injection, resulting in a preservation of glomerular and interstitial structures, possibly including amelioration of the splitting of the GBM in treated mice, as confirmed by transmission electron microscopy analysis, because MMPs play a fundamental role in GBM turnover in Alport syndrome. 29 In addition to findings suggesting that AFSCs can modulate TGFb/BMP signaling, we found evidence that systemic injection of AFSCs may also provide protection by modulating immune function, in particular modulating macrophage recruitment and phenotype (M1 versus M2). Macrophages, together with the cytokine microenvironment, play a critical role in determining the balance between progressive fibrosis In the representative picture of injected mice (H, 320; n=10) the presence of collagen I is clearly less than in the noninjected mice (G, 320; n=10) and is much more similar to that of the wild type (F, 320; n=10). These data were confirmed by quantification of staining. Graph in L compares collagen I accumulation per cross-section in all experimental groups analyzed using HistoQuest software, revealing a statistically significant difference at 2.5 months after injection. Injection of AFSC also reduced the number of S100A4-positive cells (I-K and M). This marker is mostly expressed by cells undergoing myofibroblast transformation and by cells actively producing collagen during the progression of fibrosis, including endothelial cells and macrophages. In treated mice (I, 320), the number of S100A4-positive cells in the interstitial space is reduced compared with their nontreated siblings (J, 320). The graph in M represents the change in number of S100A4-positive cells per cross-section in mice injected (n=10) at 1.5 months after birth and killed at 2.5 and 4 months of age versus noninjected (n=10) mice of the same age. All values are presented as mean 6 SEM (*P,0.05). WT, wild type.
and resolution of inflammatory injury. High levels of INF-g, TNFa, and M-CSF 31 induce proinflammatory macrophages (M1), whereas elevated levels of IL-10 or IL-4 activate antiinflammatory macrophages (M2c) that promote tissue remodeling. [32] [33] [34] [35] Mice that were treated with AFSC demonstrated a significant decrease in the number of M1 macrophages, as well as a decrease in levels of TNFa, CCL2, CXCL2, and M-CSF, which are highly expressed during chronic inflammation and in the presence of M1-type macrophages. 35 We also observed an increase in levels of IL1-RII, typical of an M2 macrophage phenotype, indicating a possible switch toward M2 macrophages 5 days after injection in treated mice. A month after injection, macrophages were limited to the interstitial space and expression of IL1-RI, typical of M1, 35 and CXCL2 and were decreased in our treated mice whereas expression of IL1-RII was still upregulated. Co-culture between AFSCs and lipopolysaccharide-stimulated macrophages indicated that our in vivo results were a direct effect of AFSCs because molecules such as RANTES (shown to be essential in macrophage recruitment in Alport syndrome 36 ), IL-6, and TNFa were all downregulated in the presence of AFSCs. In addition, AFSCs were able to deactivate macrophages by blocking the expression of receptors such as CD80 and CD86, which, when normally expressed, promote a strong Th1 response and exert antiproliferative and cytotoxic activities. 34 The positive effect of AFSCs was not limited to the interstitium, where inflammation and fibrosis were reduced; they also influenced podocyte preservation. Podocytes play a key role in the progression of Alport syndrome because they are the cell type responsible for synthesizing the GBM 37 and podocyte loss is associated with the development of glomerular sclerosis. 38 Injection of AFSCs in Alport syndrome mice preserved a normal number of podocytes in glomerular cross-sections compared with noninjected siblings.
Our in vitro co-culture experiments demonstrated that glomerular cells, predominantly podocytes, activated by angiotensin II, expressed high levels of ANGTR1, which is an important component of angiotensin II signaling. Excessive angiotensin II signaling induces podocyte damage and consequent detachment from the GBM. 38 Addition of AFSCs to the co-culture system led to decreased ANGTR1 expression, similar to that induced by losartan, an angiotensin II antagonist. We speculate, on the basis of these experiments, that AFSCs have the ability to interfere with angiotensin II signaling to podocytes (by reducing expression of ANGTR1), thus protecting these cells from angiotensin-induced damage, resulting in a delay of podocyte detachment from the GBM.
An interesting study reported by Hayashi et al. 39 showed that transient high doses of an angiotensin II receptor-blocker can effectively induce sustained regression of glomerular sclerosis even 6 months after cessation of treatment. We speculate that a single injection of AFSCs transiently interferes with angiotensin II signaling by decreasing ANGTR1 expression, leading to renoprotection over the intermediate term, in addition to effects on cytokine modulation and prevention of fibrosis.
We have hypothesized that a stem cell population may interrupt angiotensin II signaling, delaying the development of podocytopenia and suggesting for the first time a new mechanism to delay progression of a CKD, in addition to inhibition of fibrosis and inflammatory cell infiltrates. It is important to emphasize that CKD is not reversed by a single treatment with AFSCs and that treated animals do eventually succumb to ESRD, albeit later than untreated Alport syndrome mice. Further investigations are needed to determine whether multiple injections of AFSCs can induce a more potent protective effect.
CONCISE METHODS
Isolation, Expansion, and Characterization of Mouse AFSCs
Samples of mouse amniotic fluid from pregnant C57BL/6 females (12-15 days of gestation) were extracted from each embryo and plated individually after three washes in PBS. The cells were then selected for c-kit expression and cultured as previously described. 9 Characterization of the clonal mouse cells, including their expression of pluripotent markers and differentiation capability, was tested according to protocols outlined by Atala and colleagues. 9 
Animal Model and AFSC Injections
Transgenic Alport mice (B6.Cg-Col4a5 tm1Yseg /J, stock #006283) on C57BL/6 background were purchased from the Jackson Laboratory. On the basis of our experience, mice homozygous for the Cola5 (IV) allele begin to succumb to the disease at 11 weeks of age, with a mean survival of 23.5 weeks. Alport colonies were maintained according to a homozygous/hemizygous breeding scheme. The animals were divided into three groups according to their treatment status: (1) wild-type C57BL/6 mice (n=15), (2) Col4a5 2/2 mice (n=25), and (3) Col4a5 2/2 mice + mouse AFSC, injected at 1.5 months of age (n=25). On the basis of the type of experiment, injected mice and controls were killed 24 hours, 5 days, 1 month, and 2.5 months after injection. In a parallel experiment, 11 injected Alport syndrome mice and 15 noninjected Alport syndrome mice were left to reach the humane endpoint so that we could evaluate lifespan of both groups.
Immediately before injection, AFSCs were labeled with the cell surface marker CM-DiI (Invitrogen) following the manufacturer's instructions, and 1310 6 cells suspended in 0.1 mL of PBS were injected into the left ventricle using a 29.5-gauge needle under isoflurane anesthesia. All animal experiments were performed in adherence to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and with local Institutional Animal Care and Use Committee approval.
FACS
To evaluate the fate of the AFSCs in Col4a5 2/2 Alport mice after intracardiac infusion, 12 mice were injected with 1310 6 stem cells prelabeled with Qdot immediately before the procedure (Invitrogen). The animals were killed at 24 hours (n=3), 5 days (n=3), 1 month (n=3), and 2.5 months (n=3) after treatment, and four major organs (the heart, kidney, liver, and lung) were processed for FACS analysis. A noninjected littermate served as the negative control throughout the analysis for each time point. In a separate experiment, Qdot-labeled AFSC were serially diluted and FACS results were analyzed to establish the minimum detectable signal (1:100,000 minimum detectable threshold). Briefly, the heart tissue was minced and digested for 2 hours at 37°C with collagenase type II (Worthington) (0.5 mg/ml) and BSA (1.2 mg/ml) prepared in ADS buffer (116 mM NaCl, 20 mM Hepes, 1.0 mM NaH 2 PO 4 , 5 mM KCl, 0.8 mM Mg 2 SO 4 , 5.5 mM glucose, pH, 7.4). Then, the samples were centrifuged for 5 minutes at 500 rpm; the pellet was resuspended in PBS and subsequently filtered with 70-and 40-mm nylon mesh filters. Kidneys were harvested and minced, then digested with 16 U/ml Dispase (Worthington) as described by Held et al. 40 To isolate the lung cells, the chest cavity was opened and the lungs were exposed. Dispase (20 U/ml; Worthington) was infused into the lungs with a 21-gauge angiocatheter inserted into the trachea. The lungs were then placed in a 50-ml tube with 1-ml Dispase inside and incubated at room temperature for 45 minutes on a shaker. The lungs were transferred onto a clean Petri dish and 0.2 mL DNAse I (Invitrogen) was added. After 10 minutes' incubation, the lysate was filtered through a series of filters (100 mm to 40 mm) to obtain single cell suspension. Liver tissues were similarly minced and digested with 5 mg collagenase, 5 mg pronase (Worthington), and 1 mg DNase I prepared in 10 ml PBS for 2 hours at 37°C with shaking. The lysate was then passed through 70-mm nylon mesh filters twice and washed in PBS. Before organ harvest, all mice were exsanguinated with PBS through the left ventricle until all organs were pale or white. All cell suspensions were fixed in 1% paraformaldehyde before FACS analysis. Data acquisition and analysis of all organs by flow cytometry were performed with Vantage BD FACSDiva 5.0.1 flow cytometry system and BD FACSDiva5.1.3 software.
Blood Collection, Creatinine, Proteinuria, and BUN Measurements
Blood samples (30 mL) from all experimental groups (n=16 per each experimental group) were collected into plasma separation tubes with lithium heparin. Serum creatinine and BUN levels were and injected Alport syndrome mice (C, 310) at 2.5 months after AFSC administration demonstrate that injected mice had less macrophage infiltration in the interstitial space (identified by L1 staining). Gene expression analysis of M1 and M2 activation phase and recruitment genes was performed in both treated (n=6) and nontreated (n=6) mice after 5 days and 1 month of AFSC injection. Realtime PCR analysis revealed significant downregulation in TNFa, CCL2, CXCL2, and M-CSF, (involved in the signaling pathway of M1 macrophages) in treated mice together with an increase in IL1-RII, expressed by M2 macrophages, at 5 days (D). Downregulation of CXCL2 and IL1-RI and an upregulation of IL1-RII were also present at 1 month in treated mice, which may indicate a balance toward tissue remodeling due to M2 phenotype macrophages (E). CD150 staining at 2.5 months confirmed the presence of M2-type macrophages in the interstitial space of injected mice (H, 320), whereas wild-type (F) and untreated (G) mice were mostly negative. In vitro co-culture of activated macrophages and AFSC demonstrated that AFSCs are able to decrease the expression of IL-6, CXCL2, RANTES, and TNFa, important modulators of macrophages recruitment (I). Treatment of AFSC with lipopolysaccharide or analysis of AFSCs with no stimulation produced no detectable signal for any of the above-mentioned markers (data not shown), suggesting that these cytokines are of macrophage origin. In addition CD80, CD86, and IL-RI were significantly downregulated, as shown by real-time PCR, which suggests that AFSCs are able to induce an M1-to-M2 phenotype switch in macrophages (J). All values are presented as mean 6 SEM (*P,0.05; **P,0.01).
measured by colorimetric assay (BioAssay Systems Cat # DICT-500, and Cat # DIUR-500). Urine samples (n=10) were collected overnight from individual mice using metabolic cages (Harvard Apparatus #PY8 72-9061) before treatment (t=0) and at each experimental time point at which the animals were killed (1 month, 2.5 months). The urine albumin-to-creatinine ratio was determined using an ELISA for albuminuria (Immunology Consultants Laboratory # E90AL), and quantitative colorimetric assay kit for urine creatinine was performed following manufacturers' protocols.
Histology, Real-Time PCR, and Western Blotting Histology
Kidneys were harvested and fixed in formalin. Paraffin-embedded sections, 5 mm thick, were stained with periodic acid-Schiff reagent (Sigma-Aldrich) to evaluate kidney morphology, following standard protocols. Jones staining was performed on a Ventana NexES automated special stainer using a Jones hematoxylin and eosin staining kit from Ventana (catalog # 860-019) to evaluate basement membrane deposition (Pathology Laboratory, Children's Hospital Los Angeles).
Immunohistochemistry
Thin deparaffinized kidney sections (5 mm) were blocked in 3% BSA and immunostained against macrophage/L1 protein/calprotectin Ab-1 (Thermo Scientific) at 1:50 dilution, S100A4 (Abcam) at 1:100 dilution with an overnight incubation at 4°C, and WT-1 (Santa Cruz) at 1:50 dilution and with an incubation time of 1 hour at 37°C. Biotinylated secondary antibodies (Vector Laboratories) were used at 1:100 dilutions. Slides were developed with DAB substrate (Vector Laboratories), followed by hematoxylin and eosin stains and mounted with Aqua Mount (Lerner Laboratories). A Leica DM100 microscope was used for imaging. Paraffin-embedded sections were also immunostained for fluorescence microscopy with antibody against the a1 chain of collagen type IV (Life Span Bioscience) at 1:50 dilution for 1 hour at room temperature, collagen I (Abcam) at 1:250 dilution, CD80 (Abcam) at 1:50 dilution, macrophage/L1 protein/ calprotectin Ab-1 (Thermo Scientific) at 1:50 dilution at 4°C overnight, and VEGF (Abcam) at 1:200 dilution for 1 hour at room temperature, followed by FITC-conjugated secondary antibody at 1:100 dilution. Sections were counterstained with 49,6-diamidino-2-phenylindole (Vector Laboratories). Frozen sections were stained with immunofluorescence CD150 (Abcam) at 1:25 dilution at 37°C for 1 hour, platelet/ endothelial cell adhesion molecule-1 (PECAM-1) (BD Biosciences) at 1:200 dilution for 1 hour at room temperature. All a chains (Shingei Medical Research; H12 [1] , H22 [2] , H31 [3] , RH42 [4] , H53 [5] , B66 [6] ) were incubated at room temperature for 1 hour at 1:50 dilution. A Leica DM RA fluorescent microscope was used in conjunction with Open Lab 3.1.5 software to image the staining. To assess possible renal differentiation of AFSC into podocytes, we performed WT-1 staining as described, looking for double staining in conjugation with CM-DiI in the glomerular space.
Real-Time PCR
Kidneys were minced into small pieces and the RNA extracted using Qiagen RNeasy kit according to the manufacturer's instructions.
Quantitative real-time PCR for TNFa, CCL2, CXCL2, M-CSF, and IL1-RII was carried out using a Roche Light Cycler 480 and Light Cycler TaqMan Master Mix. Real-time PCR conditions were as follows: 90°C for 10 minutes, 60°C for 10 seconds, and 72°C for 1 second with the analysis of the fluorescent emission at 72°C. Thirty-five cycles were performed for each experiment. To assess whether the rare AFSC present in the glomeruli were able to produce new Col4a5, and the expression of the a chains (Col4a1, Col4a2, Col4a3, Col4a4, Col4a6), we performed real-time PCR for these genes at all different time points as previously described.
Western Blot Analysis
Total protein from kidneys was collected and stored at 280°C in a radioimmunoprecipitation assay buffer supplemented with protease and phosphatase inhibitors (Santa Cruz) until use. Proteins were transferred onto a polyvinylidene fluoride 0.45-mm membrane (Millipore) and probed with antibodies to ID2 at 1:1000 dilution (Abcam), BMP-7 at 1:500 dilution (Abcam), pSMAD2 at 1:1000 dilution (Cell Signaling), and pSMAD1/5 at 1:500 dilution (Cell Signaling). Peroxideconjugation secondary antibodies were applied (Sigma-Aldrich) in concentrations as follows: 1:10,000 for anti-mouse and 1:20,000 for anti-rabbit. Antigens were detected using the ECL Western blotting detection reagents (Amersham Biosciences/GE Healthcare), impressed on Biomax Light Film (GE Healthcare). Data from four independent experiments were quantified by densitometry (all measurements were normalized against their corresponding housekeeping gene, b-actin). Western blotting for a chains (a2, a3, a5) was performed by following the protocols described by Sugimoto et al. 7 Kidneys were minced and homogenized in PBS with complete protease inhibitors, centrifuged, and resuspended in PBS with protease inhibitors and were homogenized for the second time. Tissue homogenates were centrifuged and pellets were resuspended in 1M NaCl containing DNAse I (25 mg/ml, Invitrogen). The samples were vortexed and incubated at room temperature for 10 minutes. After centrifugation, pellets were resuspended in 2% sodium deoxycholate with protease inhibitors, vortexed, and centrifuged again. Pellets were digested in collagenase I (1 unit/ml, Worthington) overnight to solubilize the NC1 domains of type IV collagen. Under reducing conditions, protein extracts were separated on 4%-20% Tris-Glycin gel (Invitrogen) and transferred onto a polyvinylidene fluoride 0.45-mm membrane. Blotted membranes were blocked with 3% BSA containing 50 mM Tris-HCl buffer (pH, 7.5) and 150 mM NaCl for over 8 hours, washed three times with 0.1% Tween-Tris buffer, and then treated with primary type IV collagen antibodies for 2 hours diluted 1:100 in 1% BSA containing 50 mM Tris-HCl buffer (pH, 7.5) and 150 mM NaCl (H22, H31, M54) (Shigei Medical Research Institute, Japan). Horseradish peroxidase-conjugated secondary antibody was applied thereafter and the blots were developed as described earlier.
In Vivo Stimulation of Macrophages and In Vitro
Co-Culture with AFSCs Glomeruli Isolation and In Vitro Co-Culture with AFSC C57BL/6J mice (n=5) were infused with 15 ml of 90% DMEM and 10% embryonic stem cell qualified FBS under pentobarbital anesthesia. Kidneys were extracted, minced, and digested in collagenase I (Gibco), 1 mg/ml collagenase A, and 100 U/ml deoxyribonuclease I (Sigma-Aldrich) in PBS at 37°C for 30 minutes, then filtered twice through a 100-mm cell strainer and once more through a 70-mm cell strainer. The solution was centrifuged at 1500 rpm for 5 minutes and the cells plated. The glomeruli were cultured in 88.8% DMEM, 10% embryonic stem cell qualified FBS, 1% antibiotics, and 0.2% puromycin. 42 Evaluation of Glomerular Sclerosis, Collagen I, S100A4-Positive Cells, and Count of WT-1
The degree of glomerular sclerosis was determined in histologic sections (n=10 mice per experimental group) stained with periodic acid-Schiff reagent. The sclerotic index was examined in 50 randomly selected glomeruli. Glomerular sclerosis was assessed using a three-level scale: normalmild (for normal to minimally sclerotic glomeruli with less than 33% fibrosis), moderate (for intermediate glomeruli with 33%-66% fibrosis), and severe (for glomeruli with over 66% fibrosis). 44 The number of WT-1-positive cells was determined in 50 randomly selected glomeruli per mouse (n=10 per experimental group). The fraction of S100A4-positive cells was evaluated in four different interstitial areas per cross-section per mouse (n=10 per experimental group). Collagen I was evaluated in four different interstitial areas per cross-section per mouse (n=10 per experimental group), and its deposition was assessed using TissueQuest 3.0.1.0131 software (Tissue Gnostics). All counts were performed in a blinded fashion.
TGFb/BMP and Epithelial-Tomesenchymal Transition (Cellular Activation, Proliferation, and Differentiation) PCR Arrays mRNA from wild-type (n=3) and Col4a5 
Transmission Electron Microscopy Procedure
Fresh kidneys (n=3 per experimental group) underwent primary fixation with 2% glutaraldehyde in sodium phosphate buffer. They were then post-fixed in 1% osmium tetroxide for 1 hour and dehydrated in 50%, 70%, 90%, 95%, 100%, ethanol and propylene oxide for 10 minutes each. Samples were further infiltrated with epoxy resin mixture (Eponate 12 resin). Ultra-thin sections were collected on copper grids, and sections were stained using 10% uranyl acetate in 50% methanol and modified Sato lead stain. A Morgagni 268 electron microscope was used for picture acquisition (Pathology Laboratory, Children's Hospital Los Angeles).
Statistical Analyses
Statistical analyses were performed using SigmaPlot 11 data analysis software (Systat Software Inc). Statistical differences between groups In particular, modulation of gene expression appears to take place within the first days after injection and results in amelioration of both renal structure and function, evident at about 4 months of age in the treated mice compared with their noninjected siblings.
were determined using ANOVA and an unpaired t test for data sets that passed the Shapiro-Wilk normality test or a Mann-Whitney rank-sum test for data that failed the Shapiro-Wilk normality test. Kaplan-Meier curves were used for the survival study, and the log-rank (Mantel-Cox) test was used to determine statistical significance. A P value of 0.05 was considered to represent a statistically significant difference. Data are shown as mean 6 SEM.
